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Since the precise study of Higgs gauge couplings is important to test the Standard Model (SM), we
calculate the complete next-to-leading order QCD (NLO QCD) correction to the pp → H ZW± production
in the SM at 14 TeV LHC. Our results show that the NLO QCD correction can enhance the leading-order
cross section of pp → H ZW± by 45%, when mH = 125.3 GeV. We also study the dependence of the LO
and NLO corrected cross sections on the renormalization and factorization scale μ. Besides, due to the
unbalance of parton distribution functions, we investigate the charge asymmetry of W± in the production
of pp → H ZW±, which can reach 32.94% for μ = (mH +mZ +mW )/2 at 14 TeV LHC.
© 2014 The Authors. Published by Elsevier B.V. Open access under CC BY license. Funded by SCOAP3.1. Introduction
On 4th July 2012, the ATLAS and CMS Collaborations have an-
nounced the observation of a Higgs boson with a mass around
125 GeV at the LHC [1,2]. This discovery implies a great success of
the SM and opens an era of the precise study of Higgs boson. Up to
now, although most measurements of the Higgs boson properties
were consistent with the SM predictions [3], there is still room for
the new physics that contributes to effective couplings to gluons
and photons [4]. Since the interactions between Higgs boson and
gauge bosons are sensitive to the new physics, any modiﬁcations
of the Higgs gauge couplings will lead to the deviation of the SM
predictions from the Higgs data [5]. Besides, the Higgs gauge cou-
plings are strongly related to the anomalous triple vector bosons
vertex [6]. Thus, the precise study of Higgs gauge couplings is im-
portant for testing the SM and searching for new physics.
There have been many works devoted to investigating the Higgs
gauge couplings from the processes of pp → ZH/W±H , which
have been calculated to the next-to-leading order (NLO) in the SM
at the LHC [7]. In addition, the production of Higgs boson associ-
ated with dibosons can also be used to probe the Higgs gauge cou-
plings [8], such as pp → HW+W− , H ZW± , H Z Z , H Zγ , HW±γ .
Among these processes, only pp → HW+W− , HW±γ have been
recently calculated with NLO QCD corrections in Ref. [9]. Due to
the gauge symmetry, the ratio of tree-level production rates of
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SM at very large energy scale. The measurement of this ratio can
be served as a good test of the couplings between Higgs and a
vector boson pair.
In this Letter, we calculate the next-to-leading order QCD cor-
rections to the production process of pp → H ZW± in the SM at
14 TeV LHC. Due to the trilepton signals and a reconstructed Higgs
mass in the ﬁnal states, the process of pp → H ZW± in the SM
may be detected at the LHC. Besides, this process will be an im-
portant background of new physics signal pp → HW ′± → H ZW±
in some extensions of the SM gauge group, where the predicted
extra gauge boson W ′ only couples with the gauge bosons and
Higgs boson [10]. The Letter is organized as follows. In Section 2,
we present the description of the NLO calculation of the process
pp → H ZW± . Then, we give the numerical results and discussions
in Section 3. Finally, we give a short summary in Section 4.
2. Description of NLO calculation of pp → H ZW+
The leading order (LO) process of pp → H ZW+ is induced
by the electro-weak interaction in the SM. We denote the four-
momenta of initial and ﬁnal states in the process as follows:
q(q1) + q′(q2) → H(q3) + Z(q4) + W+(q5)(
qq′ = ud¯,us¯, cd¯, cs¯). (1)
The NLO QCD corrections (σNLO) to the above process can be di-
vided into the following parts in the calculations:Funded by SCOAP3.
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with the calculation errors for σNLO versus δs .• The virtual corrections (σ vir ): qq′ → H ZW+;
• The real gluon emission corrections (σ realg ): qq′ → H ZW+g;
• The real light-(anti)quark emission corrections (σ realq ): qg →
H ZW+q′ .
We generate the one-loop amplitudes by the FeynArts-3.5 [11].
We use the FormCalc-6.1 [12] to simplify the amplitudes and re-
duce the loop functions as the deﬁnitions in Ref. [13]. We adopt
the dimensional regularization to isolate all the ultraviolet diver-
gences (UV) and infrared divergences (IR) in the virtual corrections.
We remove the UV divergences by the counter terms ﬁxed by the
on-mass-shell renormalization condition [14]. The infrared (IR) sin-
gularities from the one-loop integral can be canceled by adding
the contributions of the real gluon emissions. We deal with the IR
divergences in Feynman integrals as Ref. [15] and implement the
numerical calculations for the IR safe parts of N-point integrals as
Ref. [13]. The loop functions in the virtual corrections are numeri-
cally calculated by the modiﬁed package of LoopTools-2.2 [16].
By using the above packages, we adopt the two cutoff phase
space slicing (TCPSS) method [17] to isolate the IR singularity in
the real gluon emission process qq′ → H ZW+g , where the four-
momenta for the initial and ﬁnal states are denoted as follows:
q(q1) + q′(q2) → H(q3) + Z(q4) + W+(q5) + g(q6)(
qq′ = ud¯,us¯, cd¯, cs¯). (2)
An arbitrary small cutoff parameter δs is introduced to split the
phase space into soft region (E6  δs
√
s/2) and hard region (E6 >
δs
√
s/2). We further divide the hard part into hard collinear region
HC (−tˆ16 or −tˆ26 < δc sˆ) and hard non-collinear region HC (−tˆ16
and −tˆ26 > δc sˆ) by the cutoff parameter δc , where tˆi6 = (pi − p6)2,
i = 1,2. The soft part and hard collinear part will be canceled with
the IR divergences in the virtual corrections. So the cross section of
the process of qq′ → H ZW+g can be decomposed as followings:
σ realg = σ softg + σ HCg + σ HCg . (3)
Besides, we also consider the contribution from the real light
quark emission process qg → H ZW+q′ , where the four-momenta
for the initial and ﬁnal states are denoted as follows:
q(q1) + g(q2) → H(q3) + Z(q4) + W+(q5) + q′(q6)(
qq′ = ud,us). (4)
It should be mentioned that only the initial state collinear sin-
gularities can occur in Eq. (4), which can be absorbed into theredeﬁnition of the PDFs at the NLO. While, for the non-collinear
part, it is computed by using the Monte Carlo technique [18]. So
the cross section of the process of qg → H ZW+q′ can be divided
as followings:
σ realq = σ HCq + σ HCq . (5)
We implement all the above calculations as in our previous
works [19–21] and numerically checked our results with the Mad-
Graph5-v2 that includes the packages of MadLoop and aMC@NLO
[22,23] and found they are consistent in the reasonable error
range.
3. Numerical result and discussion
The SM parameters used in our numerical calculation are [24]:
αew = 1/128, mW = 80.385 GeV, mZ = 91.1876 GeV,
mt = 173.5 GeV. (6)
besides, the CKM matrix elements are taken as
VCKM =
⎛
⎝
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb
⎞
⎠
=
⎛
⎝
0.97418 0.22577 0
−0.22577 0.97418 0
0 0 1
⎞
⎠ . (7)
The Higgs mass is taken as mH = 125.3 GeV from the combined
results of ATLAS and CMS in Ref. [25]. For the strong coupling con-
stant αs(μ), we evaluate it by the 2-loop evolution with QCD pa-
rameter Λn f =5 = 226 MeV. We use CTEQ6L1 and CTEQ6M parton
distribution functions (PDF) for the LO and NLO QCD computations,
respectively [26]. The renormalization scale μR and factorization
scale μF are chosen to be μ = μR = μF .
Although the splitting of phase space depends on the cutoff
parameters δs and δc , the NLO QCD corrections should be inde-
pendent of these unphysical parameters. In the TCPSS method [17],
δc is inclined to be much smaller than δs to guarantee the accu-
racy in the numerical calculations. Here we assume the collinear
cutoff parameter δc = δs/50 and the renormalization scale μ0 =
(mH +mZ +mW )/2. From the left panel of Fig. 1, we can see that
the values of σhard and σvir + σsoft change with the variation
of the soft cutoff δs . But the total correction σNLO is indepen-
dent of the δs within the reasonable calculation errors. On the right
panel of Fig. 1, we display the ampliﬁed curve of σNLO versus δs .
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Fig. 3. The LO and NLO QCD corrected transverse momentum distributions of μ+ from W+ decays (pμ
+
T ) and the separation between the two b-jets from Higgs boson
decays (Rbb) and the corresponding K -factors in the process pp → H ZW+ at 14 TeV LHC.Table 1
The charge asymmetry of W± in the production of pp → H ZW± at renormaliza-
tion and factorization scale μ = μ0/2,μ0,2μ0 at 14 TeV LHC.
Ac (%) μ0/2 μ0 2μ0
LO 33.38 33.43 33.50
NLO 32.70 32.94 33.46
Therefore, we can take δs = 10−4 and δc = 2× 10−5 in the follow-
ing calculations.
We present the dependence of LO and NLO QCD corrected cross
sections of pp → H ZW± production on the renormalization and
factorization scale μ at 14 TeV LHC in Fig. 2. It can be seen that
the LO and NLO QCD corrected cross sections can reach 4.2 fb and
6 fb respectively and the corresponding relative correction is 46%
when μ = μ0 = (mH +mZ +mW )/2. If we vary the scale μ from
μ0/2 to 2μ0, we ﬁnd that the uncertainty of NLO QCD cross sec-
tion +4.51−2.96% is larger than the one of LO cross section
+1.17
−1.42%. The
reason is that the LO process of pp → H ZW± is induced by the
pure electroweak interactions and is not sensitive to the change of
renormalization scale.
Due to the unbalance of PDF, the cross section of pp → H ZW+
is larger than the one of pp → H ZW− . This asymmetry can be
measured through the leptonic decay of W boson by examining
the difference between event numbers with one lepton and those
with one anti-lepton in the signal. So we can deﬁne the charge
asymmetry in the process of pp → H ZW± as follows:Ac = N(H ZW
+) − N(H ZW−)
N(H ZW+) + N(H ZW−) , (8)
where N is the event number of ﬁnal states H ZW+ (H ZW−). In
Table 1, we display the charge asymmetry for different renormal-
ization and factorization scale μ. We can see that the values of Ac
have the weak dependence on the scale μ, due to the cancella-
tion between numerator and denominator. Compared with the LO
prediction of Ac , the NLO QCD correction will slightly reduce the
value of Ac to 32.94% when μ = μ0.
In Fig. 3, we study the LO and NLO QCD corrected trans-
verse momentum distributions of μ+ from W+ decays (pμ
+
T )
and the separation between the two b-jets from Higgs boson de-
cays (Rbb ≡
√
(φ)2 + (η)2) in the process of pp → H ZW+
at 14 TeV LHC. In the calculations, we use the branching ratios
of Br(H → bb¯) = 57.8% [27] and Br(W+ → μ+νμ) = 10.57% [24].
From Fig. 3, we can see that the NLO QCD correction can greatly
enhance the LO differential cross section. The distribution of pμ
+
T
peaks around 40 GeV (∼mW /2) and the two b-jets are incline to
ﬂy back-to-back since they come from the Higgs boson.
The main backgrounds of the signal pp → H ZW± → 2b + 3l +
EmissT are: (i) pp → tt¯ → 2b+ 2+ EmissT ; (ii) pp → Zbb¯ → 2b+ 2;
(iii) pp → tt¯W± → 2b + 3 + EmissT . For (i)–(ii), they may resem-
ble the signal when an ISR/FSR jet is mis-identiﬁed as a lepton.
We notice that these backgrounds are much larger than our sig-
nal so that the observation of the signal may be challenge at the
high luminosity LHC (HL-LHC). However, the following kinematic
features may be helpful to improve the observability: since the
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top quark, a narrow window of the invariant mass of bb¯ around
125 GeV can be used to greatly reduce the above backgrounds. Be-
sides, the fake lepton from ISR/FSR jet is usually not energetic, so
the veto of the third soft lepton will further suppress (i) and (ii)
backgrounds. It should be noted that the background (ii) can also
be removed by imposing the cut of the transverse mass of lepton
and missing energy, because the fake lepton does not come from
the W boson decay. On the other hand, the missing energy in the
backgrounds (i) and (iii) are larger than that in the signal, due to
the leptonic decay top quark pair. Thus, we can also reduce these
two backgrounds by requiring a small missing energy. Of course,
the results of these cuts strongly depend on the detector simula-
tion. However, since the realistic detector conﬁgures of the HL-LHC
are still not available, we expect our analysis can be improved by
optimizing signal extraction strategies and better understanding of
the backgrounds uncertainties through the dedicated analysis of
the experimental collaborations at HL-LHC.
4. Conclusion
In this Letter, we performed a complete NLO QCD corrections
calculation for pp → H ZW± at 14 TeV LHC. We found that the
NLO QCD corrections can enhance the LO cross section and the
relative correction can reach about 45%. We investigated the de-
pendence of the LO and NLO corrected cross sections on the renor-
malization and factorization scale and found that the scale un-
certainty of LO and NLO QCD cross section are +1.17−1.42% and
+4.51
−2.96%
respectively, when the scale μ changes from μ0/2 to 2μ0. We also
studied the kinematic distributions of the ﬁnal state, which will be
helpful to select the H ZW± events at 14 TeV LHC.
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